Hydrogen peroxide (H 2 O 2 ), a pesticide used in salmonid aquaculture, is released directly into the environment where nontarget organisms are at risk of exposure. We determined threshold concentrations for mortality of Calanus spp., the dominant zooplankton species in the North Atlantic, and assessed sublethal effects, focusing on the escape response and oxygen consumption rates (OCRs) as behavioral and physiological assays. One-hour exposure to 170 mg·L −1 (i.e., 10% of the recommended H 2 O 2 treatment) was lethal to copepodite stage V (92% mortality) and adult females (100% mortality). The acute median lethal concentration (1h-LC 50 ) was 214.1 (150.67-277.4) and 48.6 (44.9-52.2) mg·L −1 for copepodite V and adults, respectively. The 25-h LC 50 was 77.1 (57.9-96.2) and 30.63 (25.4-35.8) mg·L −1 for copepodite V and adults, respectively. At concentrations of 0.5% and 1% of the recommended treatment level, Calanus spp. showed a decrease in escape performance and lower OCRs with increased concentration. At H 2 O 2 concentrations of 5% of the recommended treatment levels (85 mg·L −1 ), exposed copepods showed no escape reaction response. These results suggest that sublethal concentrations of H 2 O 2 will increase the risk of predation for Calanus spp. Furthermore, this study provides supporting evidence that theoretical "safe" values, traditionally used for predicting toxicity thresholds, underestimate the impact of H 2 O 2 on the physiological condition of nontarget crustaceans.
Introduction
Lepeophtheirus salmonis, salmon louse, is a parasitic copepod affecting farmed and wild salmonids (Costello 2006; Torrissen et al. 2013) . Addressing the economic and ecological impact of salmon lice is considered one of the most important challenges for the salmon industry. The parasite feeds on skin, causing damage associated with osmotic stress and secondary infections (Finstad et al. 2000; Johnson et al. 2004) . Salmon lice infestations increase the overall cost of salmon aquaculture due to high expenses associated with delousing and the concomitant reduction in fish growth and reduced marketability due to skin lesions (Costello 2009; Liu and Bjelland 2014) . In natural populations, smolts from wild salmon and trout can suffer high mortality if infested with a high density of salmon lice (Liu et al. 2011) .
To control salmon lice infestations strict regulations on the number of lice per fish-0.2 adult female lice in the spring, and 0.5 adult female lice per fish for the rest of the year-have been established in Norway, and a plan for management of salmon lice is requested from each farm by the Salmon Lice Directive (www.lovdata.no/dokument/SF/forskrift/2012 -12-05-1140 . To meet these regulations, commercial farms rely partly on chemical therapeutants to control salmon lice populations. One of the therapeutants used in Norway to treat salmon lice and amoebic gill disease (Young et al. 2007 ) is hydrogen peroxide (H 2 O 2 ). Hydrogen peroxide is administered by bath treatment, either directly in the net pens or using well boats (Ernst et al. 2001) . After treatment, the chemical is discharged into the surrounding water. The use of H 2 O 2 peaked in 2015 at 43 246 tons, but declined to 9277 tons in 2017 (www.fhi.no/hn/legemiddelbruk). The mechanism of action of H 2 O 2 on salmon lice includes mechanical paralysis, inactivation of enzymes and DNA replication, and peroxidation of lipid and cellular organelle membranes by hydroxyl radicals (Cotran et al. 1989 ). Mechanical paralysis is caused by decomposition of H 2 O 2 to water and O 2 bubbles in the haemolymph, which causes detachment of the pre-adult and adult lice from the fish (Thomassen 1993; Aaen et al. 2014) . Hydrogen peroxide is not effective on the chalimus stages.
The pelagic zooplankton, Calanus spp., is a key component in the north Atlantic food web (Melle et al. 2014) and is abundant in the coastal zone where aquaculture sites are located (Broms et al. 2009 ). Calanus spp. is an important grazer of primary production (Runge and de Lafontaine 1996; Heath and Lough 2007) . The younger life stages are important food for juvenile fish in the nursery areas, and the adults are main prey for several pelagic fish stocks such as herring and cod (Dalpadado et al. 2000; Sundby 2000; Rullyanto et al. 2015) . In the spring, egg production for Calanus spp. overlaps with the peak application of pharmaceuticals to keep the level of salmon lice below 0.2 lice females per fish. Its effect on Calanus spp. is largely unknown.
Only a few studies have examined the effect of exposing nontarget organisms to H 2 O 2 Van Geest et al. 2014; Brokke 2015) . Brokke (2015) reported that exposure to 1700 mg·L −1 H 2 O 2 for 1 h resulted in 10% mortality in chameleon shrimp (Praunus flexuosus) and 20% in rockpool shrimp (Palaemon elegans) after a 24-h recovery period. Consequently, the median lethal concentration (LC 50 ) values were higher than the treatment concentration for both species. In contrast the opossum shrimp (Mysid sp.) were considerably more sensitive with a LC 50 of 973 mg·L −1 (i.e., lower than the recommended treatment concentration ) and late copepodide stage Calanus spp. had a LC 50 of 6 mg·L −1 H 2 O 2 following a 24-h exposure, indicating a timedependent effect (Hansen et al. 2017) .
The objective of this study was to determine the threshold concentrations at which H 2 O 2 causes mortality in Calanus spp. and to assess possible sublethal effects, focusing on the escape response as a behavioral assay and oxygen consumption rates as a physiological indicator.
Materials and methods
Copepods were collected from the dock at Austevoll Research Station, Institute of Marine Research, Norway (60°05′20″N, 5°15′57″E) at a depth of 20-30 m using light traps and plankton nets. The light traps (mesh size 500 μm; 0.45 m in diameter; BellaMare, San Diego, California, USA) were equipped with a white LED light and deployed overnight. A standard plankton net (mesh size, 200 μm; diameter, 30 cm) was used to collect copepods from 20 m to the surface. Copepods were collected at least 3 km away from any commercial fish farm and were transported to the laboratory at Austevoll Research Station where Calanus spp. adult females and copepodite V stages were sorted. Copepods were maintained overnight in 10 L containers at 8°C. Seawater used in the experiments was pumped from a depth of 160 m in Bjørnafjorden and filtered through a sand filter. Copepods were tested within 24 h of capture and each copepod was tested only once. For treating salmon, the recommended concentration for a H 2 O 2 bath treatment is 1500-2100 mg·L −1 depending on temperature, for 20 min (https://www.felleskatalogen.no/medisinvet/atc-register/QD08A). Typically, toxicity studies use exposure times of 24, 48, 72, and 96 h; however, this is not representative of the scenario following a bath treatment on a salmon farm. Therefore, we followed the recommendations of Burridge et al. (2014) and Van Geest et al. (2014) and limited the exposure time to 1 h.
A preliminary study was conducted to select the concentrations to be used in the main experiment. Testing was undertaken with concentrations of 1700 and 340 mg·L −1 H 2 O 2 (∼100% and 20% of the recommended treatment concentration). These concentrations caused 100% mortality after 1 h exposure for both copepodite Vs and adult females. Thus, the concentrations chosen in this study were 170, 85, 17, and 8.5 mg·L −1 , corresponding to 10%, 5%, 1%, and 0.5% of a recommended treatment dose of 1700 mg·L −1 .
The copepods were randomly divided into five groups, each group consisting of 30 individuals. H 2 O 2 was added to each of four 4 L tanks and mixed to the target concentrations. One tank contained clean seawater and served as a control. Three PVC pipes (25 cm diameter, 25 cm tall, 500 μm Nitex screen bottom) were added to each tank; each pipe contained approximately 10 individuals. The experiment was conducted in triplicate using a total of approximately 450 copepods. The temperature in the tanks was 13°C.
Mortality
Stage V and adult female copepods were used in all experiments. The exposure time was 1 h and, after exposure, the copepods were transferred to 10 L tanks in which they were held for 24 h (recovery period). The copepods were observed under a dissecting microscope immediately after the 1-h exposure and after the 24-h recovery period. Dead individuals were counted at each time point. Individuals were considered dead if they were discolored, deformed (urosome and pleopods folded back), or if there was no movement of the antenna and pleopods after a gentle stimulus. Copepods laying on the bottom of the tank, with retracted antennae but showing uncontrolled limb motion, (e.g., twitching of the antennae) were considered immobilized. Mortality that occurred during the 1-h exposure is defined as acute mortality. Total mortality was defined as the sum of mortality during the 1-h exposure plus that after the 24-h recovery period.
Sublethal effects
The escape response of the copepods was measured as a behavioral assay and oxygen consumption rates as a physiological indicator of sublethal effects of exposure to H 2 O 2 . Exposure concentrations used in these experiments were 8.5, 17.0, and 85.0 mg·L −1 H 2 O 2 , in addition to a control. The set-up was identical to the mortality experiment. After the 1-h exposure the copepods were transferred to 10 L tanks containing filtered seawater and the behavioral responses and oxygen consumption rates (OCRs) were measured (described below). All copepods were tested within 5 h of exposure in a randomized order. The entire experiment was repeated on three consecutive days with freshly collected copepods.
Escape response
Silhouette video photography (Browman et al. 2003) , was used to observe the swimming behavior of copepods. This system allows high-quality observations of small transparent organisms at high resolution and is unaffected by ambient light intensity. Two video cameras were mounted orthogonally, each camera illuminated with a 20 cm collimated beam generated by a small red (720 nm) LED light source. A glass aquarium holding the organisms was placed at their intersection of the two light paths. The two simultaneous orthogonal views allow particles in the field of view to be tracked in three dimensions. The software packages TRAKFISH, MANTRACK, and ANAPATHS (Racca Scientific Consulting and JASCO Research Ltd., Victoria, British Columbia, Canada) were used to analyze the video records (Browman et al. 2003 ).
Escape response was tested in a 31 L tank (25 cm × 25 cm × 50 cm) ( Fig. 1) . To stimulate the escape response, a siphon (a 16-gauge, stainless steel, flat-tip hypodermic needle that acted as a mimic of a suction predator) was mounted in the center of the tank, 70 mm above the bottom (Fields et al. 2012) . The flow rate into the siphon was maintained at 1 mL·s −1 . The velocity (V) of the water entrained by the siphon decreases exponentially with distance (r) from the siphon as: V = Q (4π × r 2 ) −1 where Q is the volume exiting the siphon (Kiørboe et al. 1999) . At 5 cm from the siphon, the flow was calculated to be 30 μm·s −1 , which is below the threshold for the escape response of this species of copepod (Fields et al. 2012) . As the water drained through the siphon, filtered seawater was re-introduced at the top of the tank to maintain a constant water level. This type of set-up has been used previously to initiate an escape response in other copepod species (Fields and Yen 1997) . All trials (treatment and controls) were filmed for 60 min in a climate-controlled room at 13°C (±0.5°C). The tank contained approximately 200 copepods. Each animal was used only once.
The distance from the predator at which the copepod initiates their escape (threshold distance), and how fast and how far, are the decisive factors in the ability of a copepod to avoid predation (Fields et al. 2012 ). An escape response involves a single or a series of jumps during which the copepod draws its antennae in to the sides of its body followed by rapid motion of the swimming legs (Strickler 1975; Fields 2000) . In case of multiple sequential escape jumps, only the first escape was used. The end of Fig. 1 . Schematic diagram of the siphon tank used to observe the escape reaction of Calanus spp. in response to a suction flow. Illustration of the escape response of Calanus spp. The distance from the copepod to the siphon at the initiation of the escape response represents the detection threshold distance. Once the animal initiated an escape reaction (retracts its antennae and jumps), the total distance traveled, and the speed of the escape were measured.
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FACETS | 2019 | 4: 626-637 | DOI: 10.1139/facets-2019-0011 629 facetsjournal.com the escape response was defined as the moment when the antennae returned to their original position. Copepods that initiated an escape response but were captured by the siphon were designated as unsuccessful escapes and were not included in the behavioral analysis. The threshold and magnitude of the escape response was evaluated by measuring three parameters: immediate escape response (distance of the copepod from the siphon when the first escape response was initiated), the average speed of the escape and the total distance traveled during the escape. Exposed copepods that were completely paralyzed were not included in the assessment of escape performance or oxygen consumption rate.
Oxygen consumption rates (OCRs)
Only adult female copepods were used in this experiment. Three replicate measurements were made on the same day using three individuals from each concentration and the control. Test animals were held in experimental chambers (4.3 mL) filled with filtered seawater and sealed with a ground glass top that has a small access hole (0.4 mm) to accommodate the oxygen microelectrode. The experimental chambers were stirred (10 rpm) using a glass-encased magnetic stir bar (2 mm). Dissolved oxygen concentrations were measured using a Clark-type oxygen microelectrode (Unisense; Aarhus, Denmark). The linear response of each electrode was calibrated with 0.2 μm filtered seawater bubbled for a minimum of 1 h to set the 100% dissolved oxygen calibration point (Runge et al. 2016) . For the anoxic calibration, seawater was placed into a silicone tube immersed in a solution of 0.1 mol·L −1 sodium ascorbate and 0.1 mol·L −1 sodium hydroxide overnight (for over 4 h). All oxygen measurements were made at 12°C (±0.01°C) in a ThermoScientific water bath (Model A10B with a thermostat SC100).
Oxygen concentration in the chambers was measured every 2 s for 1.5 h. The oxygen concentration never decreased below 20% saturation. Control chambers, without copepods, were measured to determine background levels of microbial and algal respiration. The oxygen consumption was computed as the difference between the beginning and end of the incubation and then corrected with the values obtained from the control chambers. Activity level of the copepods was assessed under a dissecting microscope before and after the OCR analysis to ensure that all of the copepods were alive.
Statistical analysis
Statistical analysis was conducted using the software R (R Studio, version 3.4.3). The concentration of H 2 O 2 that caused 50% mortality (LC 50 ), and their 95% confidence intervals (CI), were calculated for each stage using a generalized linear model with binomial error structures and probit links according to Finney (1971) . Pesticide concentrations were log 10 transformed to linearize the data. At sublethal concentrations, changes in the escape performance variables and OCR as a function of H 2 O 2 concentration were tested using a linear regression with a significance level (p) of 0.05 after significance between replicates within treatments was tested using ANOVA.
Results

Mortality
No mortality was recorded in any of the control groups. After 1-h exposure to 170 mg·L −1 H 2 O 2 , the acute mortality was 38.0% ± 0.08% for copepodite stage V and 97.0% ± 0.03% for adult Calanus spp. females ( Table 1) ; all of the surviving animals in this treatment were immobilized. During the 24-h recovery period, the mortality increased to 92.0% ± 0.01% for copepodite stage V and 100% for adult females. At 85 mg·L −1 , total mortality was 34% ± 0.09% (copepodite stage V) and 89% ± 0.17% for adult females. At 17 mg·L −1 total mortality was 30% ± 0.12% and 14% ± 0.03% for stage V and adults, respectively. No delayed mortality or immobilization was observed when exposed to 8.5 mg·L −1 in 
Escape response
Biological replicates within each treatment were not significantly different (ANOVA p < 0.5) so they were pooled for further statistical analysis. Copepods from the control, 8.5 and 17.0 mg·L −1 H 2 O 2 treatments successfully escaped the siphon 94% of the time. There was a significant difference in the escape performance between the control copepods and those exposed to 8.5 or 17.0 mg·L −1 . The escape threshold decreased significantly with increased concentration (y = 8.24 − 0.14x; R 2 = 0.13; p = 0.015) ( Fig. 2A) . Every 10 mg·L −1 increase in concentration caused a 1.4 mm decrease in distance from the siphon at which the copepod initiated the escape reaction. Similarly, once the copepod initiated the escape response the distance that Calanus spp. traveled decreased with increasing H 2 O 2 (y = 31.84 − 0.8x; R 2 = 0.103; p = 0.031) (Fig. 2B) . Every 10 mg·L −1 increase in concentration caused an 8-mm decrease in distance traveled away from the siphon. However, there was no significant difference in the escape speed between the control and treatment levels up to 17 mg·L −1 (p = 0.32) (Fig. 2C) . At higher concentrations (85 mg·L −1 ), none of the copepods made a successful escape reaction from the siphon or even initiated an escape response. Although alive, the copepods exposed to 
Oxygen consumption rate (OCR)
OCR was measured at H 2 O 2 concentrations at which copepods showed a behavioral response to the siphon (0, 8.5, and 17 mg·L −1 H 2 O 2 treatments). OCR decreased significantly in the H 2 O 2 treatments relative to controls (y = 60.75 − 1.93x; R 2 = 0.886; p = 0.005). At 12°C, OCR for Calanus spp. decreased from 64 nmol O 2 ind −1 ·h −1 in the control group to 24 nmol O 2 ind −1 ·h −1 and 39 nmol O 2 ind −1 ·h −1 in 8.5 and 17.0 mg·L −1 H 2 O 2 respectively (Fig. 2D) . At 85 mg·L −1 H 2 O 2 , the copepods were still alive but were unresponsive; their OCR was not significantly different from that of controls (ANOVA, p > 0.5).
Discussion
The recommended concentration of H 2 O 2 used to treat salmon lice (1700 mg·L −1 ) causes acute mortality in wild-captured Calanus spp. A 1-h exposure to the recommended treatment concentration, and to 20% of the recommended concentration (340 mg·L −1 ), caused 100% mortality in both copepodite stage V and adult females. As the concentration of H 2 O 2 is decreased, the mortality in Calanus spp. also decreased. At the lowest concentration tested (8.5 mg·L −1 ) no acute or delayed mortality was observed. The acute mortality (recorded immediately after exposure), was lower than the total mortality recorded after a 24-h recovery period. These results suggest that it is important to include a 24-h recovery period in these types of experiments to obtain an accurate estimate of mortality.
Adult Calanus spp. showed higher mortality to H 2 O 2 exposure than copepodite stage V. Similar stagespecific differences in sensitivity to H 2 O 2 exposure have been reported for other copepod species Mitchell and Collins 1997) and their eggs (Aaen et al. 2014; Bravo et al. 2015) . We found no available data on the sensitivity of Calanus spp. eggs or nauplii to H 2 O 2 . However, given the abundance of ovigerous copepod females present during the spring period when H 2 O 2 application is the highest (Grefsrud et al. 2018 ), this should be tested in future.
The immobilization of the copepods observed in this study was expected as it is one of the effects of H 2 O 2 on salmon lice. Bubbles of O 2 gas in the haemolymph are the primary cause of sea lice detachment from the host following treatment with H 2 O 2 (Cotran et al. 1989; Treasurer et al. 2000; Aaen et al. 2014) . However, the formation of gas bubbles observed in salmon lice (Bruno and Raynard 1994) was not reported in Acartia hudsonica, Metacarcinus edwardsii, or in Calanus spp. (Van Geest et al. 2014; Gebauer et al. 2017; Hansen et al. 2017) , so the mechanism of immobilization observed in Calanus spp. is unclear.
The distance from the predator at which a copepod initiates an escape reaction, and the strength of the escape reaction, are decisive factors in the copepod's ability to avoid predation (Fields and Yen 1997) . Calanus spp. that were not exposed to H 2 O 2 (control) showed escape performance metrics consistent with earlier studies on copepods (Fields et al. 2012) . At sublethal levels, exposure to H 2 O 2 had measurable effects on the escape reaction of Calanus spp. At a concentration of 85 mg·L −1 , approximately 25% of the exposed adult copepods survived a 1-h exposure, yet none of these survivors made a successful escape from the siphon. Many of the copepods exposed to 17 mg·L −1 were partially immobilized and sank to the bottom of the aquarium during exposure, unlike copepods exposed at 8.5 mg·L −1 at which no immobilization was observed. Calanus spp. showed a decrease in the threshold distance at which they initiated their escape reaction with increased H 2 O 2 concentration and after the copepods initiated the escape response, they traveled a significantly shorter distance from the siphon. These behavioral results suggest that Calanus spp. exposed to sublethal concentrations of H 2 O 2 (at 1% of the recommended treatment levels) will be more susceptible to predation because of an impaired escape response. These results are consistent with the findings of Van Geest et al. (2014) who observed immobilization of A. hudsonica after 15 min of exposure to concentrations of ≥10 mg·L −1 .
Exposed copepods also experienced reduced OCR in response to increased concentrations of H 2 O 2 . The lower metabolic activity is a likely cause of the decreased distance traveled during the escape. In addition, the lower metabolic activity may impact the repetitive escape reaction of copepods. The escape reaction of copepods is energetically costly (Strickler 1975) and the strength of the response decreases with increased escape frequency (Fields 2000) . A lower OCR will decrease the ability of the copepod to perform multiple escape reactions and thereby further increase their predation risk (Fields 2000) .
At the highest sublethal concentrations tested (85 mg·L −1 ; 5% of treatment levels), Calanus spp. were unable to swim and sank to the bottom of the tank. These individuals exhibited no response to the predator mimic. Paradoxically, the respiration rates of the copepod at these higher levels of exposure were similar to levels measured in the controls. These results suggest a change in the mode of action of the H 2 O 2 (Rand 1995) . At higher concentration (above 17 mg·L −1 ), H 2 O 2 may produce narcosis, causing partial paralysis. The risk of predation for these copepods with no escape reactions is extremely high. The data show that some of these animals may recover normal escape behavior; however, since predation can have a significant effect on the population dynamics of invertebrates (Pangle et al. 2007) , sublethal effects on escape behavior potentially have important ecological implications for the affected population. The results of this study provide supporting evidence that theoretical "safe" values, traditionally used for predicting toxicity thresholds, underestimate the impact of H 2 O 2 on the physiological condition of nontarget crustaceans. This warrants additional research. Our results indicate that the No Observable Effect Concentration for Calanus spp. is between 8.5 and 17 mg·L −1 . This is considerably higher than the concentration reported for another calanoid copepod species, A. hudsonica, for which the sublethal concentration level of 2.6-10.0 mg·L −1 (EC 50 ) was determined based on feeding rate measurements (Van Geest et al. 2014) . This suggests that the impact of H 2 O 2 on copepods is species specific. Copepods as a group may be more sensitive to H 2 O 2 than other planktonic crustaceans. For example, Gebauer et al. (2017) reported a LC 50 for the mola rock crab larvae (M. edwardsii) of 1642 mg·L −1 , two orders of magnitude higher than thresholds for Calanus spp.
While it is clear that even 0.5% of the standard treatment concentration of H 2 O 2 has a detrimental effect on Calanus spp., the dispersal and dilution processes that affect the effluent plumes after treatments at aquaculture sites are still unclear (Ernst et al. 2001) . Development and testing of dispersion models, including field studies to verify the models, will be important to evaluate the broader impact of H 2 O 2 on the organisms living around salmon farms.
